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A b s t r a c t  
An e x p e r i m e n t a l  p rogram has been conducted  
i n  t h e  NASA Lewis  Research C e n t e r  I c i n g  Research 
Tunnel  ( I R T )  i n  w h i c h  an OH-58 t a i l  rotor assem- 
b l y  was o p e r a t e d  i n  a h o r i z o n t a l  p l a n e  t o  simu- 
l a t e  t h e  a c t i o n  o f  a t y p i c a l  ma in  ro tor .  I c e  
was a c c r e t e d  on  t h e  b l a d e s  i n  a v a r i e t y  o f  rotor 
and t u n n e l  o p e r a t i n g  c o n d i t i o n s  and documenta- 
t i o n  o f  t h e  r e s u l t i n g  shapes was p e r f o r m e d .  
R o t o r  t o r q u e  and v i b r a t i o n  a r e  p r e s e n t e d  as 
f u n c t i o n s  o f  t i m e  f o r  s e v e r a l  r e p r e s e n t a t i v e  
t e s t  r u n s ,  and t h e  e f f e c t s  o f  v a r i o u s  p a r a m e t r i c  
v a r i a t i o n s  on t h e  b l a d e  i c e  shapes a r e  shown. 
T h i s  OH-58 t e s t  was t h e  f i r s t  of i t s  k i n d  i n  t h e  
U n i t e d  S t a t e s  and w i l l  encourage a d d i t i o n a l  
model r o t o r  i c i n g  t u n n e l  t e s t i n g .  A l t h o u g h  n o t  
a s c a l e d  r e p r e s e n t a t i v e  o f  any  a c t u a l  f u l l - s c a l e  
main  r o t o r  system, t h i s  r i g  has produced t o r q u e  
and v i b r a t i o n  d a t a  w h i c h  w i l l  be u s e f u l  i n  
a s s e s s i n g  t h e  q u a l i t y  o f  e x i s t i n g  rotor i c i n g  
a n a l y s e s .  
I n  t r o d u c  t i  on 
M o t i v a t e d  by  a d e s i r e  i n  r e c e n t  y e a r s  to  
i n c r e a s e  t h e i r  a1 1-weather o p e r a t i o n a l  capa- 
b i l i t i e s ,  U.S.  h e l i c o p t e r  m a n u f a c t u r e r s  have 
e x p r e s s e d  a need for a l t e r n a t e  methods of a c q u i r -  
i n g  rotor i c i n g  d a t a  to  be used i n  o b t a i n i n g  
c e r t i f i c a t i o n  for  f l i g h t  i n  n a t u r a l  i c i n g  c o n d i -  
, t i o n s .  P r e s e n t  c e r t i f i c a t i o n  and rotor i c i n g  
d a t a  a c q u i s i t i o n  e f f o r t s  depend v e r y  h e a v i l y  upon 
' f l i g h t  t e s t i n g  o v e r  a w i d e  r a n g e  o f  n a t u r a l  i c i n g  
s c e n a r i o s ,  a r a n g e  w h i c h  i s  o f t e n  s e e m i n g l y  
u n a t t a i n a b l e  due t o  t h e  s c a r c i t y  o f  some o f  t h e  
c o n d i t i o n s  r e q u i r e d .  
i c i n g  c e r t i f i c a t i o n  i s  a l o n g ,  d i f f i c u l t ,  expen- 
s i v e ,  and p o t e n t i a l l y  dangerous  p r o c e s s .  
V a r i o u s  e f f o r t s  have been u n d e r t a k e n  i n  t h e  
p a s t  i n  a t t e m p t i n g  t o  i n v e s t i g a t e  t h e  causes and 
e f f e c t s  o f  rotor i c e  a c c r e t i o n  b u t  few i n v o l v e d  
s c a l e d  a i r f o i l  w i n d  t u n n e l  t e s t i n g .  The h e l i c o p -  
t e r  companies have c o n d u c t e d  l i m i t e d  i c i n g  f l i g h t  
t e s t s  on  t h e i r  r e s p e c t i v e  a i r c r a f t  as r e q u i r e -  
men ts  d i c t a t e d ,  b u t  f e w  comprehens ive  r e s e a r c h -  
o r i e n t e d  programs have t a k e n  p l a c e .  
p rogram though was t h e  H e l i c o p t e r  I c i n g  F l i g h t  
T e s t  (HIFT)  p rogram,  a mu1 t i - y e a r  e f f o r t  i n v o l v -  
i n g  NASA, B e l l  H e l i c o p t e r  T e x t r o n ,  F l u i O y n e  E n g i -  
n e e r i n g  C o r p o r a t i o n ,  Hovey and A s s o c i a t e s ,  and 
The O h i o  S t a t e  U n i ~ e r s i t y . l - ~  
s c a l e  f l i g h t  t e s t  program, a UH-1H h e l l c o p t e r  
was f l o w n  i n  b o t h  h o v e r  and f o r w a r d  f l i g h t  a t  
t h e  Ot tawa Spray  R i g  and b e h i n d  t h e  Army HISS 
So p r e s e n t l y  he1 i c o p t e r  
One such 
I n  t h i s  f u l l  
1 
t a n k e r  t o  a c q u i r e  rotor i c e  shape d a t a .  Horse- 
power i n c r e a s e s  i n  i c i n g  were a l s o  documented 
w i t h  w h i c h  a n a l y t i c a l  p r e d i c t i o n s  o f  i c e d  r o t o r  
per fo rmance c o u l d  be compared. 
o b t a i n e d  i n  t h e s e  t e s t s  were a l s o  t e s t e d  i n  t h e  
F l u i D y n e  t r a n s o n i c  w i n d  t u n n e l  t o  d e t e r m i n e  i c e d  
a i r f o i l  s e c t i o n  d r a g  r i s e s .  T h i s  gave a n o t h e r  
measure of i c e d  rotor s e c t i o n  p e r f o r m a n c e  w h i c h  
c o u l d  be compared w i t h  c a l c u l a t e d  p r e d i c t i o n s .  
A d i f f e r e n t  approach t o  t h e  c o l l e c t i o n  o f  
i c e d  rotor per fo rmance d a t a  has been t a k e n  by  
Texas A&M U n i v e r s i t y . S ~ 6  I n  t h i s  s t u d y ,  an a r t i -  
f i c i a l  i c e  shape was a t t a c h e d  t o  t h e  r o t o r  b l a d e s  
of a model h e l i c o p t e r  and t h e  a i r c r a f t  was t h e n  
o p e r a t e d  i n  t h e  Texas A&M 7- by 1 0 - f t  low speed 
w i n d  t u n n e l .  R e s u l t a n t  f o r c e s  and moments were 
measured to  p r o v i d e  a measure o f  i c e d  rotor p e r -  
formance. S u b s t a n t i a l  t o r q u e  r i s e s  due to i c i n g  
were documented and t h e  e f f e c t  of r a d i a l  i c i n g  
e x t e n t  o n  i c e d  rotor per fo rmance was demonst ra -  
t e d .  A l t h o u g h  a d d i t i o n a l  v a l i d a t i o n  o f  t h i s  
t y p e  of t e s t i n g  i s  r e q u i r e d ,  i t  d e m o n s t r a t e d  
t h a t  i c e d  rotor p e r f o r m a n c e  d a t a  c o u l d  i n d e e d  be 
o b t a i n e d  b y  t h i s  method. 
The only i c i n g  w i n d  t u h n e l  t e s t i n g  o f  a 
model rotor c o n d u c t e d  p r i o r  to  t h e  OH-58 T a i l  
Rotor R i g  t e s t  was p e r f o r m e d  b y  t h e  F r e n ~ h . ~  A 
114 s c a l e  model rotor was t e s t e d  i n  t h e  ONERA 
SlMA w i n d  t u n n e l  a t  Modane, F r a n c e .  The e f f e c t s  
o f  v a r i o u s  p a r a m e t e r s  i n c l u d i n g  v e l o c i t y ,  d r o p -  
l e t  d i a m e t e r ,  s t a t i c  t e m p e r a t u r e ,  and l i q u i d  
w a t e r  c o n t e n t  o n  t h e  r e s u l t i n g  i c e  a c c r e t i o n  
were s t u d i e d  and a n  e l e c t r o t h e r m a l  d e - i c i n g  s y s -  
tem i n c o r p o r a t e d  i n t o  t h e  b l a d e  was o p e r a t e d  t o  
o b t a i n  s c a l e d  d e - i c i n g  sys tem d a t a .  The French 
f e e l  t h a t  t h i s  i c e  a c c r e t i o n  and per. fot i i tdnre 
d a t a  compared f a v o r a b l y  w i t h  f u l l - s c a l e  n a t u r a l  
i c i n g  f l i g h t  t e s t  d a t a ,  t h e r e b y  i n d i c a t i n g  t h a t  
t h i s  method i s  a v i a b l e  way o f  c o l l e c t i n g  i c e d  
rotor d a t a ,  a l t h o u g h  t h e  s c a l e d  d e - i c e r  d a t a  i s  
o f  q u e s t i o n a b l e  q u a l i t y .  
I n  r e s p o n s e  to  t h e  need e x p r e s s e d  b y  t h e  
U.S. h e l i c o p t e r  m a n u f a c t u r e r s ,  NASA Lewis  has 
u n d e r t a k e n  a p r o g r a m  t o  d e m o n s t r a t e  t h e  u s e f u l -  
ness  of t h e  I c i n g  Research  Tunnel  as a f a c i l i t y  
for  o b t a i n i n g  m e a n i n g f u l  i c i n g  d a t a  f o r  r o t a t i n g  
systems. The r a n g e  and c o n t r o l l a b i l i t y  o f  c o n d i -  
tions i n  t h e  t u n n e l  make i t  d p o w e r f u l  tool for  
s t u d y  of t h e  e f f e c t s  o f  i c e  a c c r e t i o n  on  r o t o r s  
and p r o p e l l e r s .  T h i s  paper  w i l l  d e t a i l  t h e  t e s t -  
i n g  o f  t h e  OH-58 T a i l  Rotor R i g ,  t h e  f i r s t  model 
rotor t o  be t e s t e d  i n  t h e  I R T .  and i l l u s t r d t e  
I c e  shapes 
t h e  v i a b i l i t y  of u s i n g  t h e  I R T  f o r  c o n d u c t i n g  
model  rotor i c i n g  t e s t s .  
A p p r o a c h  
Because n o  model  r o to r  h a d  e v e r  b e f o r e  been  
t e s t e d  i n  t h e  I R T ,  i t  was f e l t  t h a t  t h e  b e s t  way 
t o  s u c c e s s f u l l y  c o n d u c t  t h i s  t e s t  p r o g r a m  was t o  
e n l i s t  t h e  a i d  o f  t h e  U . S .  h e l i c o p t e r  m a n u f a c t u r -  
i n g  commun i t y  t o  d r a w  upon  t h e i r  c o l l e c t i v e  ro to r  
t e s t i n g  e x p e r i e n c e .  To t h i s  end,  a Rotor I c i n g  
C o n s o r t i u m  has been  e s t a b l i s h e d  whose members 
i n c l u d e  r e p r e s e n t a t i v e s  o f  NASA L e w i s ,  S v e r d r u p  
T e c h n o l o g y  I n c . ,  B e l l  H e l i c o p t e r  T e x t r o n  I n c . ,  
B o e i n g  H e l i c o p t e r s ,  M c D o n n e l l  D o u g l a s  H e l i c o p -  
t e r s ,  S i k o r s k y  A i r c r a f t  D i v i s i o n  o f  U n i t e d  
T e c h n o l o g i e s ,  and Texas A&M U n i v e r s i t y .  T h i s  
c o n s o r t i u m  s e t u p  g i v e s  s e v e r a l  a d v a n t a g e s  t o  t h e  
o v e r a l l  p r o g r a m  i n  t h a t  i t  m a x i m i z e s  t h e  r e t u r n  
from a v a i l a b l e  r e s o u r c e s  b y  t a k i n g  a d v a n t a g e  of 
each  company ' s  u n i q u e  s t r e n g t h s ,  i t  m a x i m i z e s  
t h e  speed o f  d a t a  and t e c h n o l o g y  t r a n s f e r  t o  
i n d u s t r y ,  and i t  e n c o u r a g e s  c l o s e r  l o n g - t e r m  
c o n t a c t  be tween  NASA and  i n d u s t r y .  
A f t e r  e v a l u a t i n g  s e v e r a l  o p t i o n s ,  t h e  con-  
s o r t i u m  d e c i d e d  t h a t  a S i k o r s k y  A i r c r a f t  m o d e l ,  
t h e  BMTR-1 ( a l s o  known as  t h e  Powered F o r c e  
Model  or PFM), w o u l d  be t h e  b e s t  a v a i l a b l e  c a n d i -  
d a t e  for  t e s t i n g  i n  t h e  I R T .  T h i s  model  i s  a 
v e r y  comp lex ,  h e a v i l y  i n s t r u m e n t e d  model  o f  t h e  
S i k o r s k y  B l a c k h a w k  h e l i c o p t e r  ( F i g .  1 ) .  Once 
t h e  t e s t  a r t i c l e  was s e l e c t e d ,  t h e  v a r i o u s  t a s k s  
n e c e s s a r y  t o  p r e p a r e  for  t h i s  t e s t  were  d i v i d e d  
among t h e  c o n s o r t i u m  p a r t i c i p a n t s ,  as  i l l u s t r a t e d  
i n  T a b l e  1 .  As may b e  seen ,  p a r t  o f  NASA L e w i s ' s  
r e s p o n s i b i l i t i e s  i n c l u d e d  d e v e l o p m e n t  o f  ro tor  
i c i n g  t e s t  t e c h n i q u e s .  
d e v e l o p  rotor i c i n g  t e s t  t e c h n i q u e s  p r i o r  t o  t h e  
PFM t e s t  w o u l d  be t o  t e s t  a s i m p l e r ,  more r u g g e d  
model  rotor i n  t h e  I R T  f i r s t ,  w i t h  w h i c h  t h e  nec -  
e s s a r y  e x p e r i e n c e  c o u l d  b e  g a i n e d .  An i d e a l  can -  
d i d a t e  f o r  t h i s  i n i t i a l  e n t r y  was t h e  OH-58 T a i l  
Rotor R i g ,  a r e l a t i v e l y  s t u r d y  a n d  s i m p l e  r i g  
d e s i g n e d  and  b u i l t  i n  1980  a t  NASA L e w i s  f o r  j u s t  
s u c h  a p u r p o s e ,  a l t h o u g h  for  v a r i o u s  r e a s o n s  i t  
was n e v e r  a c t u a l l y  t e s t e d  a t  t h a t  t i m e .  The r i g  
was r e f u r b i s h e d  and  i n s t a l l e d  i n  a t e s t  c e l l  
where  i t  u n d e r w e n t  a n  e x t e n s i v e  c h e c k o u t  p r i o r  
t o  i t s  t u n n e l  e n t r y .  D u r i n g  t h i s  c h e c k o u t  i t  was 
I t  was t h e n  d e c i d e d  t h a t  t h e  b e s t  way t o  
FIGURE 1. ~ SIKORSKY PouERtD r o w  nonil 
2 
Tab le  I .  R o t o r  I c l n q  C o n s o r t i u m  R e s p o n s l b i l i t i e s  f o r  
Model Rotor I c i n g  T e s t  
Company Tasks 
NAS4 L e v i s  RCI P r o j e c t  c o o r d i n a t o r :  D r o v l d e  i c i n g  'esea>.cn 
Sverdr 'Jp Techno logy  t u n n e l ;  d e v e l o p  i c i n g  t e s t  t e c h n i q u e s  
B e i I  M e i i c o p t e i  PC-based s a f e t y  of f l i g h t  ;ystem 
Eoe inq  H e l i c o p t e r s  Tes t  p l a n :  a n a l y t i c a l  m o d e l i n g  
McDonnel1 DOUqldS Comoosi te r o t o r  b l a d e  d e s i g n  and 
He l i cop te r - ;  c o n s t l u c t i o n ;  t e s t  SUPPOI t 
S i k o r s k y  A i r c r a f t  P repare  and p r o v i d e  model and a s s o c : d t e d  
ha rdware :  d a t a  d c q u i ; i t i o n  and r e d u c r i c n .  
t e s t  s u p p o r t  
PC-based d a t a  a c q u i s i t i o n  and - e d u c t i o n  
s y s t e q .  t e s t  SUOPO- !  
Texas ALM U n i v e r s i t y  
l e a r n e d  t h a t  t h e  f irst c r i t i c a l  speed o f  t h e  r i g  
was a t  a l m o s t  e x a c t l y  t h e  n o m i n a l  d e s i g n  r p m  o f  
2600 ,  so for a l l  s u b s e q u e n t  r u n s  i n c l u d i n g  t h e  
e n t i r e  w i n d  t u n n e l  t e s t  t h e  maximum rotor  r p m  was 
l i m i t e d  t o  2 1 0 0  t o  a v o i d  e n c o u n t e r i n g  damag ing  
e x c i t a t i o n s  n e a r  t h e  c r i t i c a l  speed .  The c h e c k -  
o u t  a l s o  s e r v e d  t o  p r o v i d e  b a s e l i n e  d a t a  for  r i g  
v i b r a t i o n  and  t o r q u e .  I n  t h e  f o l l o w i n g  s e c t i o n  a 
more d e t a i l e d  d e s c r i p t i o n  o f  t h e  r i g  i s  g i v e n ,  
a l o n g  w i t h  a d i s c u s s i o n  o f  t h e  v a r i o u s  t u n n e l  
m o d i f i c a t i o n s  a n d  o t h e r  h a r d w a r e  d e v e l o p m e n t  
t h a t  took p l a c e  i n  o r d e r  t o  c o n d u c t  t h i s  t e s t .  
T e s t  A p p a r a t u s  
Tunne 1 
The I c i n g  R e s e a r c h  T u n n e l  was d e s i g n e d  a n d  
b u i l t  i n  t h e  e a r l y  1 9 4 0 ' s .  I n  1986 i t  u n d e r w e n t  
a m a j o r  r e h a b i l i t a t i o n .  T h i s  u p g r a d e  p r o v i d e d  
f a s t e r  a n d  more  a c c u r a t e  c o n t r o l  o f  t u n n e l  c o n d i -  
t i o n s .  The s p r a y  s y s t e m  was a l s o  i m p r o v e d  t o  
p r o v i d e  a more r e a l i s t i c  r a n g e  o f  d r o p l e t  c o n d i -  
t i o n s  and  b e t t e r  r e p e a t a b i l i t y  of t h e  c l o u d  
p a r a m e t e r s .  The I R T  i s  a c l o s e d - l o o p  r e f r i g e r -  
a t e d  w i n d  t u n n e l .  The 4160 h p  f a n  a l l o w s  a i r -  
speed u p  t o  134 m/s  ( 3 0 0  m p h ) .  I t  has a 
21 000 t o n  c a p a c i t y  r e f r i g e r a t i o n  h e a t  e x c h a n g e r  
w h i c h  c a n  v a r y  t h e  t o t a l  t e m p e r a t u r e  from - 1 . 1  to  
-42 O C  ( F i g .  2). The s p r a y  n o z z l e s  c u r r e n t l y  
a v a i l a b l e  can  p r o v i d e  d r o p l e t  s i z e s  f rom a p p r o x i -  
m a t e l y  10 t o  4 0  pm ( v o l u m e  m e d i a n  d i a m e t e r )  w i t h  
l i q u i d  w a t e r  c o n t e n t  (LWC) r a n g i n g  f r o i n  0.2 t o  
3 . 0  g/m3.  
( 6  f t )  h i g h  b y  2 . 7  in ( 3  f t )  w i d e  w i t h  v i e w i n g  
c a p a b i  1 i t y  from t h e  c o n t r o l  room. 
The t u n n e l  t e s t  s e c t i o n  i s  1 . 8  m 
The model  rotor t e s t  p v e s e n t e d  some u n u s u a l  
h u r d l e s  to  ove rcome i n  t h e  t u n n e l  e n t r y .  P e r s o n -  
n e l  i n  t h e  c o n t r o l  room or o t h e r  a c c e : s l v i e w i n g  
a r e a s  t o  t h e  t e s t  s e c t i o n  had  to be p r o t e c t e d  
from t h e  p o t e n t i a l  c a t a s t r o p h i c  f a i l u r e  o f  t h e  
r o t a t i n g  h a r d w a r e .  A s e t  of a r m o r  p l a t e s  o n  
r a i l s  was d e s i g n e d  t o  c o v e r  t h e  v u l n e r a b l e  t u n n e l  
w a l l  a r e a s  ( F i g .  3 ) .  The p o t e n t i a l  v i e w i n g  a r e a s  
n o t  c o v e r e d  b y  p l a t i n g  ( t u n n e l  c e i l i n g  and  d i f -  
f u s e r )  were  i s o l a t e d  d u r i n g  o p e r a t i o n  o f  t h e  
r i g .  A h i e r a r c h y  o f  r e s t r i c t e d  p e r s o n n e l ,  k e y e d  
e n t r a n c e s ,  and  l o c k e d  s t a r t - u p  sys tems  was a l s o  
i n i t i a t e d  t o  p r e v e n t  anyone  o p e r a t i n g  t h e  t e s t  
h a r d w a r e  w h i l e  someone was w o r k i n g  i n  t h e  t u n n e l .  
The a r m o r  p l a t i n g  p r e v e n t e d  a n y  v i e w i n g  o f  t h e  
t e s t  s e s s i o n s  so a v i d e o  s y s t e m  was i n s t a l l e d  t o  
a l l o w  t u n n e l  and  t e s t  o p e r a t o r s  s a f e t y - r e l a t e d  
m o n i t o r i n g  o f  t h e  t e s t .  A s e t  o f  0 . 6 3 5  mm 
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( 0 . 0 2 5  i n . )  a l u m i n u m  s h e e t s  were  p l a c e d  o v e r  t h e  
a r m o r  p l a t i n g  n e a r  t h e  h i g h  p r o b a b i l i t y  i m p a c t  
a r e a s  i n  l i n e  w i t h  t h e  r o t a t i o n a l  f i e l d  o f  t h e  
t a i l  r o t o r .  The s h e e t s  were  l o c k e d  i n  p l a c e  
o v e r  e n e r g y  a b s o r b i n g  m a t e r i a l  t o  a l l o w  perma- 
n e n t  d e n t s  t o  be made as  shed i c e  l e f t  t h e  
b l a d e s .  The d e n t s  w i l l  be c a l i b r a t e d  t o  c a l c u -  
l a t e  t h e  i m p a c t  e n e r g y  o f  t h e  i c e  p r o d u c i n g  them.  
Mode l  Rotor 
The t a i l  ro to r  a s s e m b l y  was composed o f  t h e  
t a i l  s h a f t ,  h u b ,  t e e t e r i n g  componen ts ,  a n d  rotor 
b l a d e s  from a n  OH-58 h e l i c o p t e r . .  
b l a d e s  were  NACA 0012  a i r f o i l s  w i t h  a c h o r d  o f  
1 3 . 3  cm and  a span  o f  73 .0  cm. The t o t a l  d iame-  
t e r  o f  t h e  ro to r  a s s e m b l y  was 1 5 7 . 5  cm ( F i g .  4 ) .  
T h i s  a s s e m b l y  was m a t e d ,  t h r o u g h  a n  a d a p t e r ,  t o  
a 2 . 1  m l o n g  NASA d e s i g n e d  d r i v e  s h a f t .  The 
e x t e n d e d  d r i v e  s h a f t  a l l o w e d  t h e  rotor b l a d e s  t o  
be r u n  i n  t h e  h o r i z o n t a l  p l a n e  i n  t h e  m i d d l e  o f  
t h e  t e s t  s e c t i o n  o f  t h e  I R T  w h i l e  t h e  d r i v e  s y s -  
tem h a r d w a r e  r e m a i n e d  b e l o w  t h e  t u n n e l  t u r n t a b l e  
( F i g .  5 ) .  T h e r e  was a h y d r a u l i c a l l y  o p e r a t e d  
c e n t e r  t u b e  w h i c h  c o n t r o l l e d  t h e  c o l l e c t i v e  p i t c h  
o f  t h e  ro to r  b l a d e s .  T h i s  p r o v i d e d  t h e  a b i l i t y  
t o  change b l a d e  a n g l e  q u i c k l y  t o  t h e  d e s i r e d  con-  
d i t i o n .  The d r i v e  h o u s i n g  was b o l t e d  t o  t h e  t u n -  
n e l  f loor  p l a t e  v i a  two g i m b a l  p i i s .  
t e s t  t h e  ro tor  s h a f t  was s e t  a t  5 f o r w a r d  t i l t  
t o  s i m u l a t e  f o r w a r d  f l i g h t  o f  a h e l i c o p t e r .  
The rotor 
For t h i s  
The d r i v e  s h a f t  was c o n n e c t e d  t o  a 40 h p  dc 
e l e c t r i c  motor b y  a f i v e  b e l t  p u l l e y  s y s t e m .  The 
motor was c o n t r o l l e d  b y  a n  SCR a d j u s t a b l e  speed 
d r i v e .  T h i s  d r i v e  a s s e m b l y  was c h o s e n  b e c a u s e  
o f  i t s  f l e x i b i l i t y  t o  h a n d l e  t h e  v a r i a b l e  t o r q u e  
l o a d s .  
The t a i l  ro to r  r i g  was i n s t r u m e n t e d  t o  p r o -  
v i d e  d a t a  c o l l e c t i o n  and  s a f e t y  m o n i t o r i n g  capa-  
b i l i t i e s .  The c r i t i c a l  s a f e t y  i t e m s  were r i g  
v i b r a t i o n ,  t e m p e r a t u r e ,  p e r c e n t  d r i v e  speed ,  a n d  
t h e  c u r r e n t  to t h e  d c  motor. The d a t a  c h a n n e l s  
r e c o r d e d  were h e l d  t o  a min imum i n  k e e p i n g  w i t h  
t h e  d e v l o p m e n t a l  p u r p o s e s  o f  t h i s  t u n n e l  e n t r y .  
T o r q u e  changes  were  m o n i t o r e d  b y  u s i n g  a d i f f e r -  
e n t i a l  m e a s u r i n g  d e v i c e  t h a t  r e c o r d e d  r e a c t i o n  
t o r q u e  changes  from t h e  d r i v e  s y s t e m .  A s e t  o f  
r e d u n d a n t  speed p i c k - u p s  were  l o c a t e d  o n  t h e  
d r i v e  s h a f t  because  o f  t h e  c r i t i c a l  n a t u r e  o f  
3 
this information. The vibration output was 
recorded to detail the severity and timing of 
shedding events with respect to the torque data. 
Motor hp was calculated and recorded t o  verify 
the torque data. Finally, the collective pitch 
angle was noted to document the rotor blade 
angles for the specific icing encounters. 
All the instrumentation, except the second 
rotor rpm, was connected t o  a datalogger system 
that conditioned the information, converted it 
to engineering units, and downloaded it t o  a per- 
sonal computer (PC) for storage. The datalogger 
also provided updated information t o  a CRT screen 
for review by the model rotor operator. A varia- 
ble data collection rate was incorporated in the 
software, but experience indicated a 2 sec inter- 
val between data points provided adequate docu- 
mentation. The redundant speed set-up provided 
independent observation of  rotor rpm in case the 
datalogger/pc system failed. 
back-up measure of minimum capability t o  control 
the rotor speed while the tunnel was being shut 
down. 
This allowed a 
Test Setup 
The total data acquisition package encom- 
passed the previous instrumentation and data- 
logger/PC system mentioned plus a number of 
other measurement and cataloguing techniques. 
Each run was recorded on video t o  provide a view- 
ing history of the ice accretions and sheddings. 
There were two video systems; one for safety mon- 
itoring and one that provided close-up movable 
images o f  the icing events o n  a strobe "frozen" 
blade. 
of traversing the entire diameter o f  the tail 
rotor while allowing zoom shots of as small a 
span as 10 cm o f  the blade leading edge. There 
was a 35-mm camera located o n  the tilt and pan 
tracking device that the data video system was 
on. The 35-mm camera was focused on the same 
close-up viewing area as the video camera. 
allowed pictures with greater resolution and 
clarity to be taken as the icing encounter 
unfolded. 
Throughout each test run the tunnel condi- 
tions were monitored. Spray times, temperatures, 
and plots indicating how quickly the cloud condi- 
tions stabilized were recorded. Each shedding 
event time seen o n  video, o r  heard, was also 
recorded. 
The data video system had the capability 
This 
Post run information was gathered by taking 
ice tracings, 35-mm handheld camera shots, visual 
observations, and ice molds. Heated aluminum 
blocks with a cut-out contour o f  the airfoll pro- 
file were used to make a clean break in the ice 
formation. A cardboard template was then held 
against the ice shape and a tracing made. Heas- 
urements o f  the ice thickness at various chord 
locations were taken and visual observations 
about the kind of ice and secondary growth were 
recorded. Pictures were taken of the full blade, 
an end view, and any pronounced o r  unusual Ice 
formations. A m o l d  was taken of one entire blade 
on the last run of the night o n  four different 
occasions. One attempt was unsuccessful, but 
three molds provided fairly good definition of 
the ice formations on the blade. 
Table 2. Test Matrix 
I .  Basellne 
v I R T ,  rtOtdl. LWC. HVD. tau. Rotor Collective. 
de9 m/s oc g/m3 pm mln rpm 
31 3 -26.1 _ _  -- -. 1200 ? - I ? ,  A .  2 
31.3 -26.1 -- -- -- 2100 2-10, A - 2 
I200 2-12, J = 2 
2100 2-10, 2 = 2 
53.6 -26.1 -- -- - -  2100 2-10~ A I 2 
2100 2-10, A - 2 
2100 2 - 1 0  A = 2 
31.3 -15.0 -- -- - -  
31.3 -15.0 -- -- -- 2100 2-;0. A * 2 
31.3 -6.7 _. -- - -  lZC0 ; - ' ? , A = ?  
31.3 -6.7 -- -- - -  
53.6 -15.0 -- -- --  
53.6 -6.7 -- --  -- 
11. Cloud Unlformity with Grid Installed 
VIRT, Ttotal, LWC. MVD. tau. Rotor Collective. 
d w  rn/s oc 91.3 pm min rpm 
~ 
1 I - 1 7  R n 5 1s 4 7 ---- NO blades 
.. 
- I , . o  . 5  i f  4 . 3  ---- NO blades 
-17.8 . 5  IS 4 . 3  2100 4 . 9  
111. Rotor Blade I c i n g  
VIRT. Ttotal. LHC. MVD. tau.  Rotor Collective. 
a/r oc gin3 pm min rpm deg 
31.3 -26.1 0.5 I5 2 1200 2 - 1 2 .  A = 2 
31.3 -26 .1  . 5  IS 4 1200 2-10. A * 2 
31.3 -15.0 . 5  15 2 I200 2-12. A * 2 
31.3 -15.0 . 5  1 5  4 1200 2-12. A = 2 
31.3 -6.7 5 15 2 I200 2-10, A - 2 
31.3 -6.7 . 5  15 4 1200 2-10, A - 2 
31.3 -15.0 , 5  15 2 I700 2-8. A * 2 
3i.3 
31.3 
31.3 
31.3 
31.3 
31.3 
3 1 . 3  
31.3 
-26.1 
-26. I 
-20.6 
-15.0 
-15.0 
-12.2 
-12.2 
- 9 . 4  
. 5  
. 5  
5 
5 
.5 
. 5  
. 5  
. 5  
I 5  
15 
I5 
15 
15 
15 
15 
15 
2 
4 
2 
2 
4 
2 
3* 
2-5+ 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
: - lo.  d - 2 
Z - I O .  i i 2 
2 - R .  A : .' 
2 I O .  A - 2 
2 - R .  A - 2 
2 - 6 ,  A = ? 
4 . 6  
4 . 6  
31.3 -6.7 . 5  15 2 2100 2-10, A * 2 
31.3 -6.7 . 5  15 4 2100 2-10, A * 2 
53.6 -15.0 . 5  IS 2 2100 2-6. A - 2 
31.3 -20.6 . 4  12 2 ZiOO 2 - 6 .  A = 2 
31.3 -15.0 . 4  12 2 2100 2-R.  D = 2 
31.3 - 1 2 . 2  , 4  I,? . 2 2100 ? - 6 .  A = 2 
3 1 . 3  - 9 . 4  , 4  12 2 2100 2 R .  A i 2 
31.3 -26.1 .25 IO 2 2100 2 - 8 .  A = 2 
31.3 -20.6 . 2 5  IO 2 2100 2 - R .  A = 2 
31.3 -15.0 .25 IO 2 2100 2 - R .  A = 2 
31.3 -15.0 .25 IO 4 2100 2 - 6 .  b = 2 
31.3 -12.2 .25 IO 2 2100 2 - R .  A - 2 
31.3 -6.7 .25 IO 2 2100 2 
1V. Rotor Blade  Iclnq with B . F .  Goodilch Blader 
VIR,. Ttotdi. LWC. MO. tau. Rotot Collective. 
m/r "C g/m3 pm rnin rpm d e l  
- -_ . . . .. . -. - - . . - . - . . 
3 1 . 3  - 1 2  2 0.5 I 5  3 . 6  2100 1 
3 1 . 3  -12.2 .5 I5 2 . 5  2100 b 
1 1 . 3  - 9 . 4  . 5  15 5 . 4  2100 4 
3 1 . 3  - 9 . 4  .5 I5 4 . 9  2100 6 
11.3 - 9 . 4  5 I 5  3 9 2100 4 
11.3 - 9 . 4  5 I5 6 R 2100 6 
31.3 -12.2 . 4  I 2  6.0 21QO a 
31.3 -12.2 . 4  12 1 0 . 4  2100 6 
V. Rotor Blade lclng with B . F  Goodrlch Blade5 and Icephobic 
VIRT. Ttotal. LWC. MVD. tau. Rotor Collective. 
m l s  oc g/m3 pm m i n  rpm del 
_ _ _ _ _ ~  ~~~~~ - - . ~ ~.~ . . 
31.3 -15.0 0.5 I5 3 f l  2100 4 
31.3 -12.2 , 5  1 5  3.7 2100 4 
3 1 . 3  - 9 . 4  . 5  15 6.3 2100 4 
31.3 - 9 . 4  . 5  1 5  10.0 2100 4 
3 1 . 3  - 9 . 4  , 4  1 2  6.7 2100 6 
31.3 - 1 2 . 2  .25 IO 10.0 2100 4 
4 
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A t  t he  end o f  each r u n  a s u r v e y  o f  t h e  a l u -  
minum s h e e t s  was t a k e n  and any d e n t s  were c i r c l e d  
and c a t a l o g u e d  w i t h  r e f e r e n c e  i n f o r m a t i o n .  
t h e  s h e e t s  were h e a v i l y  marked t h e y  were r e p l a c e d  
by  new ones t o  p r e v e n t  o v e r s t r i k i n g  t h e  f i rst  
d a t a  p o i n t s .  
A c o m p l e t e  m a t r i x  o f  t e s t  c o n d i t i o n s  i s  p r e -  
s e n t e d  i n  T a b l e  2 .  
T e s t  Procedure  
A t y p i c a l  t e s t  r u n  c o n s i s t e d  o f  s e t t i n g  t h e  
t u n n e l  c o n t r o l s  t o  t h e  d e s i r e d  p a r a m e t e r s ,  b r i n g -  
i n g  t h e  t a i l  rotor speed up t o  a nomina l  o p e r a t -  
i n g  rpm f i rst,  and t h e n  s t a r t i n g  up t h e  t u n n e l .  
The o v e r r i d i n g  s a f e t y  c o n c e r n  was o p e r a t i n g  t h e  
t a i l  r o t o r  t i p  speed c o n s i d e r a b l y  above t h e  
t u n n e l  speed. Once t h e  t u n n e l  c o n d i t i o n s  were 
s t a b l e  t h e  r i g  o p e r a t o r  s e t  t h e  r i g  rpm and c o l -  
l e c t i v e  p i t c h  and s t a r t e d  t h e  PC d a t a  a c q u i s i t i o n  
s o f t w a r e .  The t u n n e l  o p e r a t o r  t h e n  s t a r t e d  t h e  
s p r a y .  A t  t h e  end o f  t h e  r u n  t h e  t u n n e l  rpm was 
b r o u g h t  t o  i d l e  and t h e n  t h e  t a i l  r o t o r  was s h u t  
down. I f  prob lems were e n c o u n t e r e d ,  t h e  c o l l e c -  
t i v e  p i t c h  and r i g  speed were decreased t o  t h e  
nomina l  s e t t i n g s  and t h e n  t h e  t u n n e l  rpm was 
r e t u r n e d  t o  z e r o .  A f t e r  t h e  r u n  was o v e r  t h e  
r e s e a r c h e r s  e n t e r e d  t h e  t e s t  s e c t i o n  and docu- 
mented t h e  r e s u l t s .  The assembly was t h e n  
d e i c e d  and c o n d i t i o n s  s e t  f o r  t h e  n e x t  r u n .  
If 
R e s u l t s  
I n  a d d i t i o n  t o  d e v e l o p i n g  and document ing  
t h e  t e s t  p r o c e d u r e s  e s t a b l i s h e d  i n  t h i s  program, 
much i n f o r m a t i o n  was g a t h e r e d  r e g a r d i n g  t h e  
a c c r e t i o n  and s h e d d i n g  c h a r a c t e r i s t i c s  o f  t h e  
r o t o r  and t h e  a s s o c i a t e d  e f f e c t s  on  rotor p e r -  
fo rmance.  T h i s  d a t a  w i l l  be d i s c u s s e d  i n  t h e  
f o l l o w i n g  s e c t i o n s  w h i c h  d e t a i l  t h e  e f f e c t s  of 
v a r i o u s  t e s t  p a r a m e t e r s  o n  t h e  rotor b l a d e  i c e  
a c c r e t i o n  and s h e d d i n g  and r o t o r  v i b r a t i o n  and 
t o r q u e .  
i t e m s  o f  i n t e r e s t  i n c l u d i n g  r e p e a t a b i l i t y  of i c e  
shapes,  i c e d  rotor t o r q u e ,  shedd ing ,  i c i n g  c l o u d  
u n i f o r m i t y ,  and i c e  a c c r e t i o n  d e t a i l .  
A c c r e t i o n  E f f e c t s  on  Rotor Torque 
I n  a l l  cases ,  i c e  a c c r e t i o n  on t h e  r o t o r  
p roduced a rotor t o r q u e  r i s e  w h i c h  was l i n e a r  
w i t h  t i m e  f o r  a f i x e d  s e t  o f  r o t o r  and t u n n e l  
c o n d i t i o n s .  The speed w i t h  w h i c h  t o r q u e  r o s e  
w i t h  t i m e  was dependent  upon t h e  s p e c i f i c  rotor 
and t u n n e l  c o n d i t i o n s  chosen.  Below r o u g h l y  7 O  
c o l l e c t i v e ,  t h e  r a t e  o f  t o r q u e  r i s e  w i t h  t i m e  i n  
i c i n g  appeared r e l a t i v e l y  c o n s t a n t  and independ-  
e n t  o f  c o l l e c t i v e .  Over 7 O  c o l l e c t i v e ,  t o r q u e  
r i s e  o c c u r r e d  more r a p i d l y  i n  i c i n g  and base 
( c l e a n )  r o t o r  t o r q u e  showed a s i g n i f i c a n t  
i n c r e a s e  o v e r  t h e  base t o r q u e  a t  l o w e r  c o l l e c -  
t i v e s .  I t  i s  b e l i e v e d  t h a t  a t  t h i s  c o l l e c t i v e ,  
flow s e p a r a t i o n  i s  b e g i n n i n g  t o  o c c u r  o u t b o a r d  
on  t h e  r o t o r  b l a d e s  and t h e  r o t o r  t o r q u e  t h e n  
i n c r e a s e s  c o r r e s p o n d i n g l y ,  and any i c e  a c c r e t e d  
on  t h e  b l a d e s  w i l l  t h e n  f u r t h e r  t h e  t o r q u e  
e l e v a t i o n .  
Also i n c l u d e d  a r e  d i s c u s s i o n s  o f  o t h e r  
The t o r q u e  r i s e  r a t e  was a l s o  f o u n d  to be 
dependent on  c l o u d  c o n d i t i o n s  ( l o w e r  l i q u i d  w a t e r  
c o n t e n t  and l o w e r  drop ; i z e  g i v e  s lower  t o r q u e  
r i s e )  and t e m p e r a t u r e  ( t h e r e  i s  some " ro rs t "  t e m -  
p e r a t u r e  a t  w h i c h  i c e  i s  p r e d o m i n a n t l y  g l a z e  and 
e x t e n d s  t o  t h e  t i p  w i t h o u t  s h e d d i n g ) .  Because 
s e v e r a l  d i f f e r e n t  p a r a m e t e r s  a f f e c t  t h e  a c c r e t i o n  
and shedd ing  c h a r a c t e r i s t i c s  o f  a system, the  
c o n d i t i o n s  w h i c h  produce t h e  h i g h e s t  t o r q u e  r i s e  
r a t e  w i l l  v a r y  from one c o n f i g u r a t i o n  t o  a n o t h e r .  
The worst case w i l l  most l i k e l y  o c c u r  though a t  
some i n t e r m e d i a t e  t e m p e r a t u r e  w h i c h  i s  c o n d u c i v e  
t o  g l a z e  i c e  f o r m a t i o n  b u t  a l s o  i s  c o l d  enough t o  
p roduce b o n d i n g  s t r e n g t h s  even i n  t h e  t i p  r e g i o n  
w h i c h  a r e  s t r o n g  enough t o  h o l d  t h e  i c e  on  t h e  
r o t a t i n g  b l a d e .  For t h i s  p a r t i c u l a r  t e s t  t h a t  
t e m p e r a t u r e  appeared t o  be i n  t h e  n e i g h b o r h o o d  
o f  5 O F .  
F i g u r e  6 p r e s e n t s  a t y p i c a l  t o r q u e  h i s t o r y  
i n  a case where m u l t i p l e  sheds o c c u r r e d .  Here 
t o r q u e  r o s e  s m o o t h l y  u n t i l  shedd ing  o c c u r r e d ,  
t h e  shed dropped t h e  t o r q u e  somerhat ,  and as i c e  
c o n t i n u e d  a c c r e t i n g  on t h e  b l a d e  the  t o r q u e  r o s e  
a g a i n  u n t i l  a n o t h e r  shed t o o k  p l a c e .  If the  
a c c r e t i o n  was a l l o w e d  t o  c o n t i n u e  l o n g  enough, 
an " e q u i l i b r i u m "  t i m e  wou ld  be reached a t  w h i c h  
s h e d d i n g  and a c c r e t i o n  wou ld  r o u g h l y  b a l a n c e  each 
o t h e r  o u t .  Torque wou ld  t h e n  l e v e l  o f f  a t  some 
f i n a l  e a u i l i b r i u m  v a l u e .  
A c c r e t i o n  E f f e c t s  on  V i  b r a t i o n  
A s  e x p e c t e d ,  i c e  a c c r e t i o n  on t h e  r o t o r  
b l a d e s  tended to i n c r e a s e  v i b r a t i o n  due t o  added 
mass on  t h e  b l a d e s  and d i s t o r t i o n  o f  t h e  f l o w  
f i e l d  a round t h e  b l a d e s '  l e a d i n g  edges.  Because 
t h e  a c c r e t i o n  was a lways  v e r y  s y m m e t r i c ,  v i b r a -  
t i o n  r i s e  b e f o r e  s h e d d i n g  was g r a d u a l .  Occas ion-  
a l l y ,  d e p e n d i n g  on  c o l l e c t i v e  p r i m a r i l y  and a l s o  
t e m p e r a t u r e ,  v i b r a t i o n  r o s e  t o  h i g h  enough l e v -  
e l s  to  n e c e s s i t a t e  s t o p p i n g  t h e  s p r a y  b e f o r e  any 
s h e d d i n g  o c c u r r e d .  O t h e r w i s e  v i b r a t i o n  wou ld  
r i s e  g r a d u a l l y  u n t i l  s h e d d i n g  t o o k  p l a c e .  A t  
t h i s  t i m e  t h e  v i b r a t i o n  wou ld  e i t h e r  d e c r e a s e  
i f  t h e  b l a d e s  shed r e l a t i v e l y  s y m m e t r i c a l l y  or 
i n c r e a s e  i f  t h e  s h e d d i n g  o c c u r r e d  on  o n l y  one 
b l a d e .  The d i r e c t i o n  and m a g n i t u d e  o f  t h e  v i b r a -  
t i o n  change a t  s h e d d i n g  was g e n e r a l l y  s u f f i c i e n t  
t o  i n d i c a t e  s y m m e t r i c  or a s y m m e t r i c  s h e d d i n g  
t o  t h e  o p e r a t o r  w i t h o u t  any v i s u a l  i n d i c a t o r  
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r e q u i r e d .  U s i n g  p r e v i o u s l y  e s t a b l i s h e d  g u i d e -  
l i n e s  a s a f e  v i b r a t i o n  l i m i t  o f  0.76 cm/sec was 
s e t .  Whenever v i b r a t i o n  met or exceeded t h i s  
l e v e l  l o n g e r  t h a n  i n s t a n t a n e o u s l y  t h e  t e s t  con- 
d u c t o r  wou ld  have t h e  s p r a y  s t o p p e d  and t h e  
rotor l o a d i n g  decreased b y  d r o p p i n g  t h e  c o l l e c -  
t i v e  and rpm to  some l o w e r  v a l u e s .  
v i b r a t i o n  c h a n n e l s  and were most h e a v i l y  moni-  
t o r e d  d u r i n g  i c i n g .  The o t h e r  two v i b r a t i o n  
c h a n n e l s ,  upper  t h r u s t  and l o w e r  r a d i a l ,  e x h i b i -  
t e d  n e g l i g i b l e  movements under  a l l  c o n d i t i o n s .  
So t h e  p r i m a r y  e f f e c t  of i c e  a c c r e t i o n  and shed- 
d i n g  appeared t o  be a more pronounced i n - p l a n e  
r o t o r  v i b r a t i o n .  F i g u r e  7 shows a t y p i c a l  i c e d  
r o t o r  v i b r a t i o n  h i s t o r y .  
Upper r a d i a l  v e l o c i t i e s  were t h e  most a c t i v e  
I c e  Shape R e p e a t a b i l i t y  
O v e r a l l  i c e  shape r e p e a t a b i l i t y  was f o u n d  
F o r  a g i v e n  s e t  t o  be v e r y  good i n  t h i s  t e s t .  
o f  rotor and t u n n e l  c o n d i t i o n s  and a t  a g i v e n  
r a d i a l  l o c a t i o n  t r a c i n g s  o f  t h e  t w o - d i m e n s i o n a l  
shape were made and compared t o  o b t a i n  a measure 
o f  t h i s  r e p e a t a b i l i t y .  These two-d imens iona l  
shapes were f o u n d  to a g r e e  b e s t  a t  c o l d e r  temper -  
a t u r e s  where t h e  f o r m a t i o n  was o f  a r i m e  n a t u r e  
and was f a i r l y  smooth and e a s i l y  t r a c e a b l e .  
i c e  t r a c i n g s  tended t o  v a r y  more a t  warmer tem- 
p e r a t u r e s  due n o t  n e c e s s a r i l y  t o  a c t u a l  v a r i a t i o n  
i n  t h e  shapes b u t  p r i m a r i l y  due t o  d i f f i c u l t y  i n  
o b t a i n i n g  a c c u r a t e  t r a c i n g s  o f  t h e s e  r e l a t i v e l y  
small b u t  complex g e o m e t r i e s .  Even w i t h  t h e  
t r a c i n g  d i f f i c u l t i e s  however r e p e a t a b i l i t y  can  
be seen t o  be q u i t e  good a t  t h e s e  warmer 
t e m p e r a t u r e s .  
F i g u r e  8 i l l u s t r a t e s  the  q u a l i t y  of i c e  
shape r e p e a t a b i l i t y  fo r  one p a r t i c u l a r  c o n d i t i o n  
w h i c h  was r u n  s e v e r a l  t i m e s  d u r i n g  t h e  t e s t .  A s  
may be seen t h e  i c e  shape a t  t h e  measurement 
l o c a t i o n  was o f  a g l a z e  n a t u r e  w i th  a s l i g h t  
d o u b l e  h o r n  shape and some degree of roughness  
and secondary  i c e  f o r m a t i o n  b e h i n d  t h e  p r i m a r y  
shape. I n  mak ing  t h e  c u t  i n  t h e  i c e  t o  g e t  t o  a 
t w o - d i m e n s i o n a l  t r a c i n g ,  o f t e n  much o f  t h e  d e t a i l  
i n  t h e  s e c o n d a r y  f o r m a t i o n s  was l o s t  due t o  m e l t -  
i n g  when t h e  c u t  was made, and some o f  t h e  r o u g h -  
ness and f i n e r  d e t a i l s  o f  t h e  p r i m a r y  shape were 
a l s o  a f f e c t e d  b y  p a r t i a l  m e l t i n g  d u r i n g  t h e  c u t .  
Even w i t h  some l o s s  o f  d e t a i l  though i t  can be 
seen t h a t  t h e  i c e  shapes tended t o  r e p e a t  q u i t e  
w e l l  from r u n  t o  r u n .  More c a r e  was t a k e n  l a t e r  
i n  t h e  t e s t  t o  p r e s e r v e  t h e  roughness  and second- 
a r y  f o r m a t i o n  d e t a i l  so t h e  f i n a l  two t r a c i n g s  
show more d e t a i l  and b e t t e r  i l l u s t r a t e  t h e  
a c t u a l  i c e  shape w h i c h  e x i s t e d  a t  t h i s  c o n d i t i o n  
t h r o u g h o u t  t h e  t e s t  p rogram.  T h i s  same degree 
o f  t w o - d i m e n s i o n a l  i c e  shape r e p e a t a b i l i t y  was 
seen a t  a l l  o t h e r  t e s t  c o n d i t i o n s  as w e l l .  
The 
I n  a d d i t i o n  t o  t h e  two-d imens iona l  t r a c i n g s ,  
a measure o f  i c e  shape r e p e a t a b i l i t y  was a l s o  
a v a i l - a b l e  from p h o t o g r a p h s  and p o s t - r u n  o b s e r v a -  
t i o n s  o f  t h e ' o v e r a l l  c h a r a c t e r i s t i c s  o f  t h e  i c e  
i n  each r u n .  E s p e c i a l l y  a t  t h e  - 1 5 . 0  OC i n t e r m e -  
d i a t e  t e s t  t e m p e r a t u r e ,  t h e  i c e  c o u l d  be seen t o  
t r a n s i t i o n  f r o m  r i m e  t o  g l a z e  a t  some p o i n t  or 
zone a l o n g  t h e  b l a d e  and t h i s  t r a n s i t i o n  l o c a t i o n  
was f o u n d  t o  be r e p e a t a b l e  w i t h i n  a p p r o x i m a t e l y  
5 p e r c e n t  f o r  a g i v e n  s e t  o f  c o n d i t i o n s .  Because 
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o f  t h e  g r a d u a l  n a t u r e  o f  t h e  t r a n s i t i o n  i t  i s  
d i f f i c u l t  t o  b e t t e r  q u a n t i f y  t h e  t r a n s i t i o n  l o c a -  
t i o n  t h a n  t o  s t a t e  a zone i n  w h i c h  t r a n s i t i o n  
seemed t o  a l w a y s  o c c u r  for a g i v e n  s e t  o f  c o n d i -  
t i o n s .  
w a t e r  c o n t e n t  of 0 . 5  g/m3 and a median d r o p l e t  
d i a m e t e r  o f  15 pm, t h i s  t r a n s i t i o n  zone appeared 
t o  be between 60 and 75 p e r c e n t  span. I n b o a r d  
of t h i s  t h e  p r i m a r y  i c e  f o r m a t i o n  was o f  a 
smooth,  w h i t i s h  n a t u r e  and o u t b o a r d  of t h i s  
r e g i o n  t h e  i c e  had become c l e a r  and s i g n i f i c a n t l y  
r o u g h e r .  O t h e r  s e t s  o f  c o n d i t i o n s  a l s o  e x h i b i -  
t e d  t h e  same q u a l i t y  o f  r e p e a t a b i l i t y  i n  terms 
of t r a n s i t i o n  zones .  
For t h e  -15 .0  O C  cases r u n ,  a t  a l i q u i d  
Also measured a f t e r  each r u n  were t h e  upper  
and l o w e r  b l a d e  s u r f a c e  i c i n g  e x t e n t s  i n  o r d e r  
t o  q u a n t i f y  c h o r d w i s e  impingement l i m i t s .  These 
measurements were f o u n d  t o  be v e r y  r e p e a t a b l e  
f o r  a g i v e n  Set o f  c o n d i t i o n s ,  e s p e c i a l l y  a t  t h e  
c o l d e r  t e m p e r a t u r e s  where secondary  i c e  roughness 
and f e a t h e r s  d i d  n o t  e x i s t  or were v e r y  s m a l l .  
A s  t e m p e r a t u r e  i n c r e a s e d  i t  became i n c r e a s i n g l y  
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m r e  d i f f i c u l t  t o  s p e c i f y  a c e r t a i n  impingement 
l i m i t  due t o  t h e  normal  v a r i a t i o n s  i n  roughness  
and f e a t h e r s  spanwise  o n  t h e  b l a d e .  Even so, 
t h e  degree o f  impingement l i m i t  r e p e a t a b i l i t y  
was j u d g e d  t o  be q u i t e  good f o r  a l l  o p e r a t i n g  
c o n d i t i o n s .  
One f i n a l  measure o f  t h e  i c e  shape was t h e  
l e a d i n g  edge t h i c k n e s s  o f  i c e .  
was made a t  t h e  l e a d i n g  edge a t  t h e  l o c a t i o n  
w h i c h  was j u d g e d  t o  be t h e  s t a g n a t i o n  p o i n t  for  
t h a t  r u n .  T h i s  q u a n t i t y  too was f o u n d  t o  be v e r y  
r e p e a t a b l e  for a g i v e n  s e t  o f  c o n d i t i o n s  t h r o u g h -  
o u t  t h e  t e s t  p rogram.  
I c e  Shedd ing  R e p e a t a b i  1 i ty 
i n  t h i s  t e s t  p rogram,  p r i m a r i l y  a t  t h e  warmer 
t e s t  t e m p e r a t u r e s .  A t  t h e  c o l d e s t  t e s t  tempera- 
t u r e ,  -26 .1  OC. n o  s h e d d i n g  took p l a c e  i n  any of 
t h e  r u n s .  A t  t h e  warmest t e m p e r a t u r e  t e s t e d ,  
-6 .7  OC, and a t  t h e  d e n s e s t  c l o u d  c o n d i t i o n s  
t e s t e d  ( 1 5  pm, 0 . 5  g/m3) t h e  i c e  remained adhered 
t o  t h e  b l a d e  i n b o a r d  o f  r o u g h l y  85 p e r c e n t  span 
and o u t b o a r d  o f  t h a t  a c c r e t e d  i n  v e r y  s m a l l  
amounts and t h e n  shed s e v e r a l  t i m e s  d u r i n g  t h e  
r u n ,  so t h a t  a t  t h e  end o f  t h e  r u n  t h e r e  t y p i -  
c a l l y  wou ld  be some s l i g h t  amount o f  r e s i d u a l  
i c e  o u t b o a r d  of t h e  85 p e r c e n t  s t a t i o n  w i th  a 
p r i m a r y  g l a z e  f o r m a t i o n  i n b o a r d  of t h a t .  A t  t h e  
l i g h t e s t  c l o u d  c o n d i t i o n s  t e s t e d ,  10 pm and 
0 . 2 5  911113, n o  i c e  f o r m e d  a t  a l l  on t h e  b l a d e s  a t  
T h i s  measurement 
I c e  shedd ing  o c c u r r e d  t o  a l i m i t e d  degree 
-6 .7  OC. 
The -15 .0  O C  t e m p e r a t u r e  d a t a  p r o v i d e d  t h e  
m o s t  i n s i g h t  i n t o  t h e  i c e  s h e d d l n  r e p e a t a b i l i t y  
i c e  a c c r e t e d  o v e r  t h e  e n t i r e  b l a d e  l e a d i n g  edge 
and t h e n  t y p i c a l l y  shed from somewhere i n  t h e  
o u t e r  30  p e r c e n t  o f  t h e  b l a d e .  Twenty r u n s  were 
p e r f o r m e d  a t  t h i s  c o n d i t i o n  fo r  an i c i n g  t i m e  of 
2 min  each a t  v a r i o u s  c o l l e c t i v e  p i t c h  s e t t i n g s ,  
and o f  t h o s e  20 r u n s  i c e  s h e d d i n g  o c c u r r e d  i n  
i s s u e .  For t h e  15  pm and 0.5 g/m 9 c o n d i t i o n ,  
IO un 
.?5 9/*3 
15 o f  t h e  r u n s .  
t h e  i c e  shed a s y m m e t r i c a l l y  and i n  7 i t  shed sym- 
m e t r i c a l l y  ( w i t h i n  10 p e r c e n t  on  b o t h  b l a d e s ) .  
I n  a l l  of t h e  s h e d d i n g  r u n s  a t  -15 O C ,  shed- 
d i n g  d i d  n o t  o c c u r  u n t i l  j u s t  a f t e r  t h e  s p r a y  was 
s topped.  I t  i s  p o s t u l a t e d  t h a t  t h e  sudden change 
i n  t u r b u l e n c e  a t  t h e  end o f  t h e  s p r a y  was a t  l e a s t  
p a r t l y  r e s p o n s i b l e  for  t h e  p r o d u c t i o n  o f  i c e  shed- 
d i n g  a t  t h a t  p o i n t .  I n  a f e w  cases ,  shedd ing  d i d  
n o t  o c c u r  u n t i l  e i t h e r  t h e  rotor c o l l e c t i v e  or 
t u n n e l  v e l o c i t y  were dropped a t  t h e  end o f  t h e  
r u n .  Rotor d r i v e  sys tem l i m i t a t i o n s  d i d  n o t  a l l o w  
fo r  a l o n g  enough i c i n g  exposure  t o  produce shed- 
d i n g  d u r i n g  t h e  i c i n g  s p r a y  a t  t h i s  t e m p e r a t u r e .  
A l t h o u g h  t h e  s h e d d i n g  a t  t h i s  c o n d i t i o n  appeared 
to  i n  a l l  cases be i n d u c e d  b y  some sudden change 
i n  t h e  l o c a l  rotor f l o w f i e l d ,  t h e  shedd ing  d a t a  
a c q u i r e d  d i d  appear  t o  be r e p e a t a b l e  i n  terms o f  
r a d i a l  l o c a t i o n  and n a t u r e  o f  t h e  shedd ing  p r o c -  
e s s .  When t h e  c l o u d  c o n d i t i o n s  were changed t o  
10 pm and 0 . 2 5  g/m3 a t  t h i s  same t e m p e r a t u r e ,  no 
s h e d d i n g  t o o k  p l a c e  due t o  t h e  s m a l l e r  mass o f  
i c e  a c c r e t e d  b y  t h e  t h i n n e r  c l o u d  and t h e  r e s u l t -  
i n g  decreased c e n t r i f u g a l  f o r c e  on  t h e  i c e .  
I n  8 o f  t h e s e  15 s h e d d i n g  r u n s ,  
Tempera ture  E f f e c t s  
A wide r a n g e  o f  t u n n e l  t o t a l  t e m p e r a t u r e s  
from -26.1 t o  -6.7 O C  were r u n  i n  t h i s  t e s t .  
T h i s  r a n g e  p e r m i t t e d  e x a m i n a t i o n  o f  t h e  r o t o r  i c e  
a c c r e t i o n  c h a r a c t e r i s t i c s  from t h e  r i m e  t o  mixed 
to  g l a z e  i c e  r e g i m e s .  I n  so d o i n g ,  t e m p e r a t u r e  
was f o u n d  t o  have a s i g n i f i c a n t  e f f e c t  on  t h e  
rotor i c e  a c c r e t i o n  and shedd ing  c h a r a c t e r i s t i c s .  
Tunne l  t o t a l  t e m p e r a t u r e  combined w i t h  t h e  
r o t a t i o n a l  e f f e c t  o f  k i n e t i c  h e a t i n g  on  t h e  l o c a l  
b l a d e  t e m p e r a t u r e s  were found t o  i n f l u e n c e  b o t h  
i c e  t y p e  and t r a n s i t i o n  l o c a t i o n  from r i m e  t o  
g l a z e  i c e .  I n  a d d i t i o n ,  t h e  e x i s t e n c e  and s i z e  
of secondary  i c e  f o r m a t i o n s  t y p i c a l l y  i n  t h e  f o r m  
o f  i c e  f e a t h e r s  were a f f e c t e d  by  t h e  l o c a l  t e m -  
p e r a t u r e .  F i g u r e  9 i l l u s t r a t e s  t h e  change i n  i c e  
-76.1 OC :> IK) DATA 
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F l W  9. - TElPERAlURE EFrLCI M1 ICE A C C R t l l M 1 .  
7 
t y p e  a t  a g i v e n  l o c a t i o n  and c o n d i t i o n  o v e r  a 
r a n g e  o f  t u n n e l  t o t a l  t e m p e r a t u r e s .  
e f f e c t  on  i c e d  rotor t o r q u e  for  a g i v e n  s e t  o f  
t e s t  c o n d i t i o n s .  The e f f e c t  o f  t e m p e r a t u r e  i s  
f e l t  t h r o u g h  v a r i a t i o n  i n  t h e  rotor i c e  shapes 
wh ich  d i f f e r e n t  t e m p e r a t u r e s  cause. A t  t h e  c o l d -  
e s t  t e m p e r a t u r e  t e s t e d ,  -26.1 O C ,  t h e  i c e  was a l l  
o f  a r i m e  n a t u r e ,  g i v i n g  o n l y  a r e l a t i v e l y  m i n o r  
d i s t o r t i o n  t o  t h e  l e a d i n g  edge shape. Conse- 
q u e n t l y  t h e  r e s u l t i n g  t o r q u e  r i s e  was g e n e r a l l y  
t h e  l e a s t  severe  f o r  a g i v e n  c o n d i t i o n  a t  t h e  
t h r e e  p r i m a r y  t e s t  t e m p e r a t u r e s .  
A t  -15.0 "C, t h e  i c e  t y p e  v a r i e d  r a d i a l l y  
f r o m  r i m e  i n b o a r d  t o  g l a z e  o u t b o a r d  and because 
o f  t h e  presence o f  some g l a z e  i c e  on  t h e  b l a d e s  
t h e  t o r q u e  r i s e  was more severe  t h a n  a t  t h e  
c o l d e r  t e m p e r a t u r e .  A t  t h i s  t e m p e r a t u r e  maximum 
t o r q u e  v a r i e d  somewhat due to  i c e  s h e d d i n g  w h i c h  
was o f t e n  n o t  r e p e a t a b l e .  
F i n a l l y  a t  -6.7 O C  t h e  i c e  had become p r e -  
d o m i n a n t l y  g l a z e  o v e r  most o f  t h e  b l a d e .  
o f  t h e  i n c r e a s e d  loc ,a l  t e m p e r a t u r e  i n  t h e  o u t e r  
p o r t i o n  o f  t h e  b l a d e ,  i c e  d i d  n o t  form on t h e  
o u t e r  15 t o  20 p e r c e n t  o f  t h e  b l a d e  a t  t h i s  tem- 
p e r a t u r e  and t h i s  s e r v e d  t o  make t h e  t o r q u e  r i s e s  
t y p i c a l l y  l e s s  s e v e r e  t h a n  t h e i r  c o u n t e r p a r t s  a t  
- 1 5 . 0  o c .  
Temperature was f o u n d  t o  have a s i g n i f i c a n t  
Because 
L i q u i d  Water C o n t e n t  & Drop S i z e  E f f e c t s  
V a r i a t i o n s  i n  c l o u d  l i q u i d  w a t e r  c o n t e n t  
( l w c )  and median v o l u m e t r i c  d r o p l e t  d i a m e t e r  
(mvd) were f o u n d  to  p r o d u c e  a measurab le  change 
i n  t h e  a c c r e t i o n  and s h e d d i n g  c h a r a c t e r i s t i c s  of 
t h e  r o t o r  b l a d e  i c e  f o r m a t i o n s .  P r i m a r i l y  f o r  
r e a s o n s  o f  t r y i n g  t o  o b t a i n  s t a b l e  s p r a y  c o n d i -  
t i o n s  t h e  l i q u i d  w a t e r  c o n t e n t  and d r o p  s i z e  
were a lways  v a r i e d  i n  tandem i n  t h i s  t e s t .  
p r e c l u d e d  d e t e r m i n a t i o n  o f  t h e  e f f e c t  of each 
s p e c i f i c  p a r a m e t e r  a l o n e  o n  t h e  r e s u l t i n g  i c e  
shape b u t  s t i l l  y i e l d e d  i n s i g h t  i n t o  t h e  changes 
w h i c h  c l o u d  p a r a m e t e r s  had on  t h e  r e s u l t i n g  
rotor i c e  shapes. 
r u n  i n  t h i s  t e s t  (IO pm and 0 . 2 5  
duced m a r k e d l y  d i f f e r e n t  a c c r e t i o n s  for a g i v e n  
s e t  o f  c o n d i t i o n s  as F i g .  8 shows f o r  one sample 
case a t  t h r e e  d i f f e r e n t  t e m p e r a t u r e s .  I n c r e a s i n g  
t h e  lwc/mvd had t h e  e f f e c t  o f  f u r t h e r  e n c o u r a g i n g  
T h i s  
Three d i f f e r e n t  lwc/mvd c o m b i n a t i o n s  were 
/m3, 12 pm and 
0.40 g /m3 ,  and 15 pm and 0.50 g/m 9 ) .  Each p r o -  
7100 ItI'l l  o,., 70 
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g l d z e  i c e  f o r m a t i o n  a t  a g i v e n  t e m p e r a t u r e  .111j 
g i v e n  r a d i a l  l o c a t i o n .  
t i o n  was a l s o  f o u n d  t o  a f f e c t  t h e  l c c a t i o n  o f  
t h e  t r a n s i t i o n  r e g i o n  f r o m  r i m e  t o  g l a z e  i c e  on 
t h e  b l a d e .  A s  t h e  lwc/mvd w e r e  decreased a t  a 
g i v e n  c o n d i t i o n ,  t h e  r i m e - t o - g l a z e  t r a n s i t i o n  
zone moved o u t b o a r d  on t h e  b l a d e .  For  example ,  
a t  t h e  -15 .0  O C  case shown i n  F i g .  10 t h e  t r a n ; i -  
t i o n  p o i n t  was o b s e r v e d  to be a t  a p p r o x i m a t e l y  
t h e  45 t o  50 p e r c e n t  r a d i a l  l o c a t i o n  f o r  t h e  
0 . 5  g/m3 and 1 5  pm c o n d i t i o n .  A t  0 .4  g /m3  and 
12 pm, t h e  t r a n s i t i o n  p o i n t  had moved o u t  t o  
r o u g h l y  t h e  80 p e r c e n t  s t a t i o n ,  and a t  0 . 2 5  g/m3 
and 10 pm t h e  b l a d e  i c e  shape was f u l l y  r i m e  
w i t h  n o  t r a n s i t i o n  t o  g l a z e  o b s e r v a b l e .  
C l o u d  l i q u i d  w a t e r  c o n t e n t  and d r o p  s i z e  
were seen t o  have a s i g n i f i c a n t  e f f e c t  on  r o t o r  
t o r q u e  and v i b r a t i o n  by  i n f l u e n c i n g  t h e  s i z e  and 
t y p e  o f  i c e  w h i c h  fo rmed on t h e  r o t o r  b l a d e s .  
Each o f  t h e  t h r e e  s e t s  o f  c l o u d  c o n d i t i o n s  p r o -  
duced m a r k e d l y  d i f f e r e n t  i c e  shapes and t h e r e f o r e  
m a r k e d l y  d i f f e r e n t  t o r q u e  l e v e l s  f o r  a g i v e n  
rotor o p e r a t i n g  c o n d i t i o n  and t e m p e r a t u r e .  
b l a d e s  t o  a 2 min  i c i n g  s p r a y  a t  a l i q u i d  w a t e r  
c o n t e n t  o f  0.25 g/m3 and median d r o p l e t  d i a m e t e r  
o f  10 pin, o n l y  a v e r y  s m a l l  change i n  t o r q u e  was 
p r o d u c e d .  F u r t h e r  r a i s i n g  t h e  c l o u d  d e n s i t y  t o  
0.4 g/m3 and t h e  d r o p l e t  d i a m e t e r  t o  1 2  pin 
y i e l d e d  c o n s i s t e n t l y  h i g h e r  t o r q u e  v a l u e s ,  r a i s -  
i n g  t h e  t o r q u e  by  a r o u g h l y  c o n s t a n t  1 6 . 3  N-m. 
An even more s u b s t a n t i a l  to rc iue  r i s e  w a s  p roduced 
b y  g o i n g  t o  a l i q u i d  w a t e r  c o n t e n t  of  0 . 5  g/m3 
and d r o p l e t  d i a m e t e r  of 15 pin. H e r e  t h e  t o r q u e  
was f o u n d  t o  r i s e  b y  a r o u g h l y  c o n s t a n t  3 1 . 8  N-m 
a t  each c o l l e c t i v e .  
I n  c o n j u n c t i o n ,  v a r y i n g  t h e  Iwc/mvd combina- 
As F i g .  1 1  i l l u s t r a t e s ,  g o i n g  f r o m  t h e  c l e a n  
RPM E f f e c t s  
R o t o r  rpm was f o u n d  t o  have a s u b s t a n t i a l  
e f f e c t  on  t h e  n a t u r e  of t h e  i c e  w h i c h  formed on 
t h e  b l a d e s  under  a g i v e n  c o n d i t i o n .  I n c r e a s i n g  
rpm had t h e  e f f e c t  o f  i n c r e a s i n g  t h e  l o c a l  v e l o c -  
i t y  a t  some r a d i a l  s t a t i o n  w h i c h  t h e n  encouraged 
a more g l a z e - o r i e n t e d  f o r m a t i o n  t h a n  d i d  t h e  
l o w e r  speeds. T h i s  i n  t u r n  had t h e  e f f e c t  of 
s h i f t i n g  t h e  r i m e - t o - g l a z e  i c e  t r a n s i t i o n  zone 
f u r t h e r  i n b o a r d  on  t h e  b l a d e  as rpm was i n c r e a s e d  
F i g u r e  12 i l l u s t r a t e s  t h i s  rpm e f f e c t  f o r  a g i v e n  
s e t  o f  c o n d i t i o n s .  
17 pn 
.4 g/.J 
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A t  t h e  l o w e s t  t e s t  rotor speed o f  1200 rpm. 
t h e  i c e  w h i c h  fo rmed a t  15 pm and 0 . 5  g/m3 was a 
smooth, w h i t i s h  r i m e  i n  n a t u r e  o v e r  t h e  e n t i r e  
span o f  t h e  b l a d e .  B e h i n d  t h i s  r i m e  f o r m a t i o n  
were i c e  f e a t h e r s  w h i c h  were g e n e r a l l y  s m a l l  b u t  
i n c r e a s e d  i n  s i z e  and roughness  as t h e y  p r o -  
g r e s s e d  o u t b o a r d  on  t h e  b l a d e .  
O p e r a t i o n  a t  1700 rpm a t  t h e  same c l o u d  con- 
d i t i o n s  and i c i n g  t i m e  y i e l d e d  a somewhat d i f f e r -  
e n t  spanwise c h a r a c t e r  to t h e  i c e .  A t  t h i s  rpm. 
t h e  i n b o a r d  r i m e  i c e  t r a n s i t i o n e d  i n t o  a g l a z e  
f o r m a t i o n  a t  r o u g h l y  t h e  80 t o  85 p e r c e n t  r a d i a l  
l o c a t i o n .  Here t h e  i c e  became c l e a r e r  and 
r o u g h e r  and s t a r t e d  t o  d e v e l o p  t h e  c h a r a c t e r i s t i c  
g l a z e  d o u b l e - h o r n e d  f o r m a t i o n .  Heavy f e a t h e r s  
were n o t e d  b e h i n d  t h e  p r i m a r y  i c e  f o r m a t i o n  a t  
t h i s  r o t o r  speed. 
Runs a t  a s t i l l  h i g h e r  rpm o f  2100 con- 
t i n u e d  t h e  t r e n d  t o w a r d  more  g l a z e  i c e  f o r m a t i o n  
on  t h e  b l a d e .  A t  t h i s  rpm t h e  t r a n s i t i o n  zone 
f r o m  r i m e  t o  g l a z e  was seen t o  s h i f t  f u r t h e r  
i n b o a r d  t o  r o u g h l y  t h e  70 t o  75 p e r c e n t  r a d i a l  
l o c a t i o n .  The i c e  was f u l l y  o f  a g l a z e  n a t u r e  
a t  t h e  t i p  and t h e  f e a t h e r s  w h i c h  were p r e s e n t  
t o  t h e  t i p  a t  1700 rpm now t y p i c a l l y  ended a t  
75 to 85 p e r c e n t  span as t h e  flow became f u r t h e r  
s e p a r a t e d  b e h i n d  the  main  f o r m a t i o n .  
I n  terms o f  s h e d d i n g ,  rpin was a g a i n  s e e n  t o  
have a s i g n i f i c a n t  e f f e c t  as e x p e c t e d .  No shed- 
d i n g  o c c u r r e d  i n  any of t h e  r u n s  a t  1200 1-pm 
s i n c e  t h e  c e n t r i f u g a l  f o r c e s  were s i m p l y  t o o  low 
t o  e x p e l  t h e  amounts of i c e  w h i c h  a c c r e t e d  on the  
b l a d e s .  L i k e w i s e  a t  1700 rpm n o  s h e d d i n g  was 
n o t e d  i n  a n y  of  t h e  r.uns. F i n a l l y  a t  2100 I ' P I I I  
s h e d d i n g  began to o c c u r  as t h e  c e n t r i f u g a l  fot-ces 
i n c r e a s e d  t o  a l e v e l  where t h e y  were s i g n i f i c a n t  
i n  r e l a t i o n  t o  t h e  i c e  b o n d i n g  f o r c e s .  
U n f o r t u n a t e l y  even a t  t h i s  rpm t h e  shedd ing  
c a p a b i l i t y  o f  t h e  r i g  c o u l d  n o t  be f u l l y  i n v e s t i -  
g a t e d  due t o  t h e  d r i v e  sys tem power l i m i t a t i o n  
w h i c h  e x i s t e d .  Much of t h e  i c e  s h e d d i n g  wh ich  
o c c u r r e d  came a b o u t  seconds a f t e r  t h e  end o f  t h e  
s p r a y  when t h e  a i r  t u r b u l e n c e  s u d d e n l y  changed 
as t h e  s p r a y  s t o p p e d ,  or s h e d d i n g  a l s o  o f t e n  
o c c u r r e d  d u r i n g  slowdown o f  t h e  t u n n e l  or l o w e r -  
i n g  o f  t h e  c o l l e c t i v e  a t  t h e  end o f  the  r u n .  
There were a few cases where shedd ing  d u r i n g  t h e  
s p r a y  d i d  o c c u r ,  b u t  most o f t e n  t h e  i c e  a c c r e t e d  
on  t h e  b l a d e s  p r o d u c e d  such a t o r q u e  r i s e  t h a t  
t h e  r i g  d r i v e  sys tem l i m i t  was reached b e f o r e  t h e  
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i c e  mass was g r e a t  enough to  make t h e  c e n t r i f u g a l  
f o r c e s  a d e q u a t e l y  s i z e a b l e  t o  i n d u c e  s h e d d i n g .  
C l o u d  U n i f o r m i t y  
An a r e a  of c o n c e r n  p r i o r  t o  t h e  t e s t  was t h e  
e f f e c t  of t h e  rotor o n  t h e  m o t i o n  o f  t h e  incom- 
i n g  s p r a y  c l o u d .  I t  was f e l t  t h a t  rotor down- 
wash a c t i o n  may t e n d  to d r a w  t h e  c l o u d  downward 
as  i t  a p p r o a c h e d  t h e  ro to r  such  t h a t  t h e  ro tor  
w o u l d  n o t  be immersed c o m p l e t e l y  i n  t h e  c l o u d  
b u t  r a t h e r  w o u l d  sweep t h e  c l o u d  u n d e r  t h e  ro tor .  
A m e t a l  g r i d  w i t h  0 . 6 4  cm d i a m e t e r  b a r s  spaced  
15 .2  cm a p a r t  v e r t i c a l l y  and  h o r i z o n t a l l y  was 
p l a c e d  45 .7  cm i n  f r o n t  o f  t h e  ro to r  d i s k  a n d  i c e  
a c c r e t i o n  p a t t e r n s  o n  t h e  g r i d  were  examined  t o  
a s c e r t a i n  t h e  e f f e c t  o f  t h e  rotor o n  t h e  c l o u d .  
The ro tor  was t h e n  o p e r a t e d  i n  i c i n g  c o n d i t i o n s  
( -17 .8  "C, 15 pm, 0.5 g/m3, 31 .3  m/s )  a t  i t s  nom- 
i n a l  o p e r a t i n g  r p m  i n  b o t h  low ( c o l l e c t i v e  = 4 O )  
and  h i g h  ( c o l l e c t i v e  = 9 O  t o  12O) l o a d i n g  c o n d i -  
t i o n s .  Compar i son  o f  g r i d  i c e  a c c r e t i o n  p a t t e r n s  
i n  t h e s e  r u n s  w i t h  b a s e l i n e  i c e  a c c r e t i o n  p a t -  
t e r n s  t a k e n  w i t h  t h e  rotor b l a d e s  removed showed 
n o  s i g n i f i c a n t  d i f f e r e n c e  be tween  t h e  b a s e l i n e  
and  s p i n n i n g  ro to r  cases  f o r  b o t h  h i g h  a n d  low 
r o t o r  l o a d i n g s .  T h i s  i n d i c a t e s  a m i n i m a l  e f f e c t  
o f  ro to r  downwash o n  i n c o m i n g  c l o u d  p o s i t i o n  and  
v i s u a l  o b s e r v a t i o n  o f  t h e  c l o u d  m o t i o n  a l s o  sup- 
p o r t e d  t h e  b e l i e f  t h a t  t h e  ro to r  was i n  a l l  r u n s  
s u f f i c i e n t l y  immersed i n  t,he c l o u d  t o  p r o p e r l y  
r e p r e s e n t  an a c t u a l  i c i n g  e n c o u n t e r .  
C l o s e - u p  D e t a i l  o f  I c e  
V i s u a l  p o s t - r u n  o b s e r v a t i o n  o f  t h e  i c e  
shapes p r o d u c e d  b y  a v a r i e t y  o f  c o n d i t i o n s  gave  
some i n s i g h t  i n t o  t h e  n a t u r e  o f  t h e  i c e  a c c r e -  
t i o n  p r o c e s s  o n  t h e  ro to r  b l a d e s .  I n  g e n e r a l  
t h e  ro to r  i c e  shapes had  a d i s t i n c t  t h r e e -  
d i m e n s i o n a l  c h a r a c t e r ,  e s p e c i a l l y  i n  t h e  out- 
b o a r d  r e g i o n s  where c e n t r i f u g a l  f o r c e  was 
h i g h e s t .  S t r i a  c o u l d  b e  seen i n  m o s t  of t h e  i c e  
shapes and  t h e s e  l i n e s  became l e s s  v e r t i c a l  and  
more  s p a n w i s e - o r i e n t e d  as t h e y  p r o g r e s s e d  o u t  
t h e  b l a d e  span  ( F i g s .  13  and  1 4 ) .  I n b o a r d  of 
r o u g h l y  30 t o  50 p e r c e n t  r a d i u s  t h e  s t r i a  g e n e r -  
a l l y  became a l m o s t  v e r t i c a l  w i t h  r e s p e c t  t o  span ,  
i n d i c a t i n g  t h a t  c e n t r i f u g a l  f o r c e s  h a d  a n e g l i g i -  
b l e  i n f l u e n c e  t h e r e .  The r a d i a l  l o c a t i o n  where  
t h e  s t r i a  became v e r t i c a l  s h i f t e d  from r u n  to 
r u n  d e p e n d i n g  o n  t h e  p a r t i c u l a r  c o n d i t i o n s  of 
e a c h  r u n .  
FIGURC 13. - CLOSI-UP DLTAIL OF I C E  F F A I H I R S  AND PRIMRY TORMIIOh' .  21MI R I ~ M .  
1 = 3.6 nin. 1 5 p .  31.3 n l s .  -12.2 'C, .5 g/M3. = 4'. 
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FIGURE 14. - CLOSE-UP D t T A l l  OF LFAOIWG EDGE ILL  FORMTION. 7 1 W  RPM.. 1 = 5.4 *IN, 
15 pn. 31.3 U s .  -9.4 'C. .5 g/R3, llT5 = 4'.
O b s e r v a t i o n  o f  t h e  i c e  d e p a r t i n g  from t h e  
b l a d e s  i n  c o n j u n c t i o n  w i t h  p o s t - r u n  e x a m i n a t i o n  
of t h e  r e m a i n i n g  ro to r  b l a d e  i c e  shapes p r o v i d e d  
i n s i g h t  i n t o  t h e  m e c h a n i c s  o f  t h e  rotor i c e  shed-  
d i n g  p r o c e s s .  T y p i c a l l y  a c h o r d w i s e  c r a c k  w o u l d  
form i n  t h e  i c e  a t  some r a d i a l  s t a t i o n  and  o n c e  
t h a t  c r a c k  had  f u l l y  d e v e l o p e d  t h e  i c e  t e n s i l e  
s t r e n g t h  d e c r e a s e d  t o  z e r o .  A t  t h i s  t i m e ,  i f  
t h e  c e n t r i f u g a l  f o r c e  o n  t h e  o u t b o a r d  i c e  p i e c e  
was s u f f i c i e n t l y  l a r g e  t o  ove rcome t h e  i c e - b l a d e  
bond  t h e  i c e  w o u l d  e x i t  t h e  b l a d e  i n  a r a d i a l  
d i r e c t i o n .  F i g u r e  1 5  shows a p o s t - r u n  photo o f  
a b l a d e  o n  w h i c h  s e v e r a l  sheds have  o c c u r r e d  d u r -  
i n g  t h e  run. 
Shed I c e  I m p a c t  E n e r g y  S t w  
An a t t e m p t  was made d u r i n g  t h i s  t e s t  t o  
q u a n t i f y  t h e  i m p a c t  e n e r g y  o f  t h e  i c e  w h i c h  was 
shed  from t h e  b l a d e s  u s i n g  t h e  p r o c e d u r e  o u t l i n e d  
i n  t h e  t e s t  a p p a r a t u s  a n d  p r o c e d u r e  s e c t i o n s  of 
t h i s  p a p e r .  I m p a c t  d e n t s  were s u c c e s s f u l l y  
o b t a i n e d  i n  s e v e r a l  i c i n g  r u n s  b u t  e f f o r t s  have  
n o t  y e t  been i n i t i a t e d  t o  d e t e r m i n e  t h e  i c e  geom- 
e t r y  a n d  i m p a c t  e n e r g y  a s s o c i a t e d  w i t h  each  d e n t .  
I t  i s  hoped  t h a t  t h i s  i n f o r m a t i o n ,  o n c e  a c q u i r e d ,  
w i l l  s e r v e  t o  enhance k n o w l e d g e  i n  t h e  a r e a  o f  
s t r u c t u r a l  t c l e r a n c e  t o  shed i c e  s t r i k e s  w h i c h  
t h e n  d i r e c t l y  r e l a t e s  b a c k  t o  d e - / a n t i - i c i n g  sys- 
t e m  d e s i g n .  
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Summary 
An OH-58 T a i l  Rotor R i g  has been o p e r a t e d  i n  
t h e  NASA Lewis  I c i n g  Research  Tunnel  t o  s t u d y  t h e  
n a t u r e  o f  t h e  i c e  a c c r e t i o n  p r o c e s s  o n  a r o t a t -  
i n g  sys tem and t h e  e n s u i n g  e f f e c t  w h i c h  t h i s  i c e  
a c c r e t i o n  has on  t h e  r o t o r ' s  p e r f o r m a n c e .  
d u r e s  f o r  t e s t i n g  a model rotor i n  an i c i n g  w i n d  
t u n n e l  e n v i r o n m e n t  were e s t a b l i s h e d  and r e f i n e d  
and an e x t e n s i v e  i c e d  rotor p e r f o r m a n c e  d a t a  base 
was a l s o  c r e a t e d .  W i t h  t h i s  e x p e r i e n c e  now i n  
hand, t h e  1989 I R T  t e s t  o f  t h e  S i k o r s k y  PFM can 
be conducted  more p r o d u c t i v e l y .  
I R T  r e p r e s e n t e d  t h e  f i rst U.S. i c i n g  w ind  t u n n e l  
t e s t i n g  o f  a model rotor,  t h e r e  were many 
unknowns wh ich  needed t o  be addressed i n  com- 
p o s i n g  and e x e c u t i n g  t h e  t e s t .  I t e m s  such as 
c o o r d i n a t i o n  o f  model and t u n n e l  o p e r a t i o n ,  
o b s e r v a t i o n  and d o c u m e n t a t i o n  o f  t h e  r o t o r  i c e  
a c c r e t i o n  and shedd ing ,  and s a f e t y  and emergency 
p r o c e d u r e s  were g i v e n  s p e c i a l  a t t e n t i o n .  A l s o  
o f  c o n c e r n  was t h e  manner i n  w h i c h  t h e  rotor 
would r e a c t  t o  t h e  a d d i t i o n  o f  i c e  t o  and e x p e l -  
l i n g  o f  i c e  from t h e  rotor b l a d e s  and the  con- 
t r o l l a b i l i t y  o f  the  model rotor under  these 
c i r c u m s t a n c e s .  R o t o r  v i b r a t i o n  became a p r o b l e m  
o n l y  i n  some cases where i c e  shed a s y m m e t r i c a l l y  
from t h e  b l a d e s  or when e x c i t e d  by  p a s s i n g  
t h r o u g h  a r i g  r e s o n a n t  f r e q u e n c y .  Rotor rpm and 
c o l l e c t i v e  c o n t r o l s  were n e v e r  j e o p a r d i z e d  by  
i c e  a c c r e t i o n  or shedd ing .  
Proce- 
S i n c e  t h e  t e s t i n g  o f  t h e  OH-58 r i g  i n  t h e  
A s u b s t a n t i a l  and u n i q u e  rotor i c e  a c c r e -  
t i o n  and p e r f o r m a n c e  d a t a  base was a c q u i r e d  i n  
t h i s  t e s t .  The rotor b l a d e  i c e  shapes were 
f o u n d  t o  be q u i t e  r e p e a t a b l e  for a g i v e n  s e t  of 
c o n d i t i o n s  and t h i s  t h e n  y i e l d e d  i c e d  rotor 
t o r q u e  v a l u e s  w h i c h  were a l s o  r e p e a t a b l e  u p  t o  
t h e  o n s e t  o f  s h e d d i n g .  A l t h o u g h  t h e  t e s t  rotor 
rpm p r e c l u d e d  o b t a i n i n g  as much s h e d d i n g  d a t a  as 
was o r i g i n a l l y  p l a n n e d ,  t h e  r u n s  i n  w h i c h  i c e  d i d  
shed showed t h e  r a d i a l  e x t e n t  o f  t h e  nonshed i c e  
to be r e l a t i v e l y  r e p e a t a b l e  b u t  t h e  shed t i m e s ,  
l o c a t i o n s ,  and q u a n t i t i e s  o f  i c e  shed e x h i b i t e d  
s u b s t a n t i a l  v a r i a t i o n s  from r u n  to  r u n .  I n  many 
i n s t a n c e s  i t  was p o s s i b l e  t o  o b s e r v e  t h e  d e v e l o p -  
ment and o c c u r r e n c e  o f  an i c e  shedd ing  e p i s o d e  
and t h e s e  o b s e r v a t i o n s  p r o v i d e d  much i n s i g h t  
i n t o  t h e  r o t o r  i c e  s h e d d i n g  p r o c e s s .  
C o n c l u s i o n s  
The s u c c e s s f u l  e x e c u t i o n  o f  t h e  OH-58 T a i l  
R o t o r  R i g  t e s t  i n  t h e  NASA Lewis  I c i n g  Research  
Tunnel has d e m o n s t r a t e d  t h e  v i a b i l i t y  o f  u s i n g  a 
model rotor t o  o b t a i n  m e a n i n g f u l  rotor i c i n g  
a c c r e t i o n  and p e r f o r m a n c e  d a t a .  
i n  t h i s  t e s t  was r e p e a t a b l e  and comparab le  to  
f u l l - s c a l e  f l i g h t  t e s t  d a t a  i n  te rms o f  t h e  
n a t u r e  o f  t h e  a c c r e t i o n s  and t h e i r  e f f e c t  o n  
r o t o r  p e r f o r m a n c e .  
model rotor i n  a w i n d  t u n n e l  i c i n g  e n v i r o n m e n t  
w e r e  d e v e l o p e d  and w i l l  now s e r v e  t o  enhance t h e  
f u t u r e  s u c c e s s f u l  t e s t i n g  o f  o t h e r  models o f  
r o t a t i n g  systems i n  i c i n g .  
As a f i r s t - e n t r y  t e s t ,  t h e  OH-58 program was 
n o t  a b l e  t o  a d d r e s s  i n  d e t a i l  some a s p e c t s  of t h e  
rotor i c e  a c c r e t i o n  and s h e d d i n g  p r o c e s s .  F o r  
example,  b l a d e  s u r f a c e  f i n i s h  i s  acknowledged t o  
D a t a  g a t h e r e d  
Techn iques  fo r  t e s t i n g  of a 
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be an i m p o r t a n t  f a c t o r  i n  i c e  a c c r e t i o n  and adhe- 
s i o n  and a l t h o u g h  t h e  B.F.  G o o d r i c h  p o r t i o n  o f  
t h i s  t e s t  showed t h a t  a l t e r i n g  t h e  b l a d e  s u r f a c e  
f i n i s h  d i d  have a s i g n i f i c a n t  e f f e c t  on  t h e  
r e s u l t i n g  i c e  a c c r e t i o n  and shedd ing ,  a q u a n t i f i -  
c a t i o n  o f  t h e  degree of change i n  t h e  i c e  a c c r e -  
t i o n  and b o n d i n g  as a f u n c t i o n  o f  b l a d e  s u r f a c e  
f i n i s h  was n o t  per fo rmed i n  t h i s  t e s t  p rogram.  
s c a l e  t h e  t e s t  c o n d i t i o n s  t o  f u l l - s c a l e .  C l o u d  
mvd was s e l e c t e d  t o  p r o v i d e  t h e  s m a l l e s t  measur- 
a b l e  d r o p  s i z e  t o  r o u g h l y  s i m u l a t e  t h e  r o t o r  
c h o r d  t o  d r o p  s i z e  r a t i o  t y p i c a l l y  found i n  a 
f u l l - s c a l e  s i t u a t i o n  b u t  s t r i c t  s c a l i n g  r e l a t i o n s  
were n o t  f o l l o w e d .  I n  f u t u r e  t e s t i n g  however i t  
w i l l  be d e s i r a b l e  t o  n o t  o n l y  p r o v i d e  n o n s c a l e d  
i c i n g  d a t a  f o r  a n a l y t i c a l  method deve lopment  and 
v a l i d a t i o n  as t h i s  t e s t  d i d ,  b u t  t o  a l s o  c o l l e c t  
d a t a  w h i c h  can be more c l o s e l y  s c a l e d  t o  f u l l -  
s c a l e  c o n d i t i o n s  t o  d i r e c t l y  compare w i t h  f l i g h t  
t e s t  r e s u l t s .  
No a t t e m p t  was made i n  t h i s  t e s t  t o  d i r e c t l y  
One o t h e r  e lement  o f  the  a c c r e t i o n  and shed- 
d i n g  p r o c e s s  wh ich  was n o t  addressed i n  t h i s  p r o -  
gram was t h e  e f f e c t  o f  b l a d e  f l e x u r e  on these 
i t e m s .  Much u n l i k e  a t y p i c a l  f u l l - s c a l e  r o t o r '  
b l a d e ,  t h e  OH-58 t a i l  r o t o r  i s  a r i g i d  b l a d e  
whose dynamics a r e  q u i t e  d i f f e r e n t  f r o m  t h o s e  o f  
a normal m a i n  r o t o r  so t h a t  e f f e c t s  o f  b l a d e  
b e n d i n g  were n o t  c o n s i d e r e d  i n  t h i s  t e s t .  I n  
o r d e r  t o  p r o p e r l y  s i m u l a t e  a f u l l  s c a l e  main  
rotor c o n f i g u r a t i o n  i t  w i l l  be n e c e s s a r y  t o  even- 
t u a l l y  c o n s t r u c t  and t e s t  d y n a m i c a l l y  s c a l e d  
model r o t o r  b l a d e s  i n  f u t u r e  t e s t i n g .  
The c o m p l e x i t y  o f  t h e  rotor i c e  a c c r e t i o n  
and s h e d d i n g  p r o c e s s  w i l l  r e q u i r e  a s u b s t a n t i a l  
i n v e s t m e n t  o f  t i m e  and money and c o n t i n u e d  deve:-  
opment o f  i n n o v a t i v e  t e s t i n g  methods t o  more 
f u l l y  a d d r e s s  and u n d e r s t a n d  t h e  n a t u r e  of t h e  
phenomena i n v o l v e d .  Many i s s u e s  r e m a i n  t o  be 
c o n f r o n t e d  as p r e v i o u s l y  m e n t i o n e d .  
o f  t h e  OH-58 T a i l  Rotor R i g  though r e p r e s e n t s  a 
p o s i t i v e  and c r u c i a l  f irst s t e p  i n  t h i s  e f f o r t .  
The t e s t i n g  
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